Abstract. Using an established experimental paradigm, feed restriction during the last week of lactation in primiparous sows reduces embryonic growth and development and produces female-specific embryonic mortality by Day 30 of gestation. Because this gender-specific loss of embryos at Day 30 was associated with changes in the variation of markers of epigenetic imprinting, the present study sought to establish the ontogeny of such epigenetic affects. Leucocyte DNA of restrict-fed sows exhibited decreased global methylation during the last week of lactation and during the return to oestrus (P < 0.05), but no associated changes in plasma folate and vitamin B 12 . Furthermore, no changes in methylation of blastocyst DNA, embryonic sex ratios or development were evident at Day 6 of gestation that would characterise the underlying defects that reduced female embryo survival by Day 30. However, regardless of treatment, embryo recovery rates and synchrony in embryonic development were associated with the stage of development of the recovered embryos (r = 0.68; P < 0.001). The subset of sows classified as bearing litters with superior embryonic development had lower net energy balance over lactation (P < 0.01) and higher ovulation rates (P < 0.005) compared with sows classified as having poorer embryonic development. Collectively, these data suggest that a subset of litters within restrict-fed sows will be most sensitive to the latent epigenetic mechanisms that ultimately trigger gender-specific loss of embryos by Day 30 of gestation, but that these selective mechanisms are not evident by Day 6 of gestation.
Introduction
Increased catabolism during the last week of lactation in primiparous sows is known to reduce embryonic survival and development by Day 30 of gestation in the subsequent litter (Foxcroft 1997) . Using a refinement of the experimental paradigm reported by Zak et al. (1997) , Vinsky et al. (2006) confirmed a detrimental effect of catabolism in late lactation on embryonic survival. The greater deficit in overall net energy balance in feed-restricted sows led to increased loss of both protein and fat mass during lactation. The thresholds of maternal tissue loss, above which there was an increased likelihood of embryonic loss and developmental delays, were consistent with thresholds reported by Clowes et al. (2003a Clowes et al. ( , 2003b for effects on ovarian follicular development in lactating and weaned sows subjected to different nutritional regimens in gestation and lactation. Furthermore, Vinsky et al. (2006) used sex-typing polymerase chain reaction (PCR) to demonstrate that the increased loss of embryos before Day 30 of gestation was female biased. A reduction in female embryonic survival as a response to nutritional restriction in the sow is consistent with the local resource competition model (Clark 1978 , modified by Silk 1983 .
The aetiology of this selective loss of female embryos before Day 30 of gestation is unknown. Vinsky et al. (2006) suggested that female embryo loss could be due to epigenetic defects originating from the oocyte, because the timing of feed restriction coincides with the final stages of oocyte maturation (Foxcroft 1997) and with epigenetic establishment seen in other species (Lucifero et al. 2002) . In support of this suggestion, Vinsky et al. (2007) reported that reduced embryonic development and decreased female embryonic survival were associated with differences in the variance of epigenetic traits in the surviving litters at Day 30 of gestation. Analysis of the variance in global DNA methylation and Xist expression suggested that a sub-population of embryos within a proportion of litters from nutritionally restricted sows was epigenetically defective and lost before Day 30 of gestation, with surviving embryos in these sows being developmentally retarded. Heterogeneity and competition within litters is believed to be a primary cause of decreased litter survival before Day 30 of gestation and has been suggested to have an epigenetic component (Geisert and Schmitt 2002) . By studying epigenetic traits of early stage embryos, it should be possible to determine the ontogeny of epigenetic defects leading to changes in embryonic survival and development. Furthermore, information on the circulating levels of nutrients essential for DNA methylation, such as folate and vitamin B 12 (Mason 2003) , and the extent of methylation of sow leucocyte DNA, could provide insights into the connection between nutrient deprivation in the sow and epigenetic defects in blastocysts.
The present study used the experimental paradigm described by Vinsky et al. (2006 Vinsky et al. ( , 2007 to examine associations between changes in sow leucocyte DNA methylation, plasma folate and vitamin B 12 concentrations in the sow during feed restriction, and changes in DNA methylation and developmental delays in sex-typed embryos at the early blastocyst stage of development. In the context of the earlier study of Day 30 embryos, evidence from several mammalian species, including the pig, suggests that global demethylation of non-imprinted genes occurs at the blastocyst stage (Kang et al. 2001) . As such, changes in the residual methylation at the blastocyst stage would indicate that changes in imprinted regions before embryonic mortality would be a factor (Geisert and Schmitt 2002) . Therefore, the main objectives of this study were: (1) to determine whether the methylation state of embryos would be suggestive of the involvement of imprinted genes as mediators of the epigenetic effects of sow catabolism on the gender-specific loss of embryos by Day 30; and (2) to explore the aetiology of heterogeneity in litter development that appears to underlie effects of maternal catabolism on embryonic survival in the sow.
Materials and methods

Animals and treatments
The present study was performed using a previously described model (Vinsky et al. 2006) in accordance with the Canadian Council on Animal Care guidelines and with the approval of the Faculty Animal Policy and Welfare Committee. The study involved 34 primiparous F 1 sows (Hypor, Regina, SK, Canada) which farrowed normally and were managed according to standardised and approved protocols at the Swine Research & Technology Centre (SRTC), University of Alberta. Within 48 h after farrowing, litter size was standardised to a minimum of nine piglets per sow by cross-fostering. On Day 14 of lactation, sows preselected for trial were paired on the basis of similar body condition from Days 0 to 14 of lactation; within each pair, sows were assigned to either Restrict or Control treatment groups. Sows were fed three times daily with a standard lactation diet from Days 0 to 14 of lactation, to a preset maximum of 5.0 kg day −1 . From Days 14 to 21 of lactation, Control sows continued to be fed a maximum of 5.0 kg day −1 , whereas Restrict sows were limited to 2.5 kg day −1 . Immediately after weaning and until breeding, sows were provided with ad libitum access to the same lactation diet. After insemination until slaughter, sows were fed a standard gestation diet according to National Research Council (NRC 1998) requirements.
Within 24 h after farrowing (Day 0), on Days 14 and 21 of lactation, at oestrus and immediately before sows were killed, sow back fat and loin depths were measured by real-time ultrasonography using a 5-MHz real-time linear probe (Scanprobe II; Scano, Ithaca, NY, USA) and sow bodyweight was recorded. Sow weight and back fat measurements were used to estimate total sow body protein and fat mass using the equations of Whittemore and Yang (1989) . Litters were weighed after litter size adjustments within 24 h after farrowing, on Days 14 and 21 of lactation and whenever there was a litter size adjustment. Changes in relative tissue loss and net energy balance of sows were estimated as described previously (Vinsky et al. 2006) .
Blood sampling and folate/vitamin B 12 radioimmunoassay
Blood was sampled from ear veins of sows using acute venepuncture during brief periods of nose-snare restraint in the morning before feeding on Days 13 and 21 of lactation and during first post-weaning oestrus. Blood was collected into an EDTA vacutainer (Becton Dickinson, Franklin Lakes, NJ, USA) and centrifuged for 10 min at 2000g. Plasma was then aspirated and both the plasma and remaining blood cells placed in separate tubes and frozen at −70 • C. Assays of plasma folate and vitamin B 12 were performed using Dualcount solid phase, no boil, Radioimmunoassay (RIA; DPC/Intermedico, Markham, ON, Canada) using 200 µL plasma. Validation of the Dualcount assay kit for folate indicated intra-and interassay coefficients of variation (CV) of 5.47% and 0.68%, respectively. Folate assay sensitivity, defined as 85% of total binding, was 0.62 ng mL −1 . Cold recovery of folate was 104 ± 1% and a serial dilution of porcine plasma showed parallelism to the standard curve. Validation of the Dualcount assay kit for vitamin B 12 indicated intra-and interassay CV of 7.52% and 28.22%, respectively. Vitamin B 12 assay sensitivity, defined as 96% of total binding, was 71 pg mL −1 . Cold recovery of vitamin B 12 was 116 ± 2% and a serial dilution of porcine plasma showed parallelism to the standard curve.
Sow management after weaning
Sows were checked twice daily at 0800 and 2000 hours for onset of first standing oestrus after weaning, using back-pressure testing during fence line contact with a mature, high-libido boar. From 24 h after onset of standing heat and every 6 h until ovulation occurred, real-time ultrasonography was performed using a Pye Medical 200 (Pye Medical Scanner 200, model 41480; Canmedical, Kingston, ON, Canada) with a 7.5-MHz transcutaneous probe to determine the timing of ovulation. Estimated time of ovulation was defined as described previously by Almeida et al. (2001) . Sows were inseminated 12 h after onset of standing heat and every 24 h thereafter, as long as a good standing heat reflex was observed, with pooled semen (3 × 10 9 morphologically normal and motile spermatozoa per 50 mL dose) that was no more than 3 days old. Semen was collected and processed on-site from the same three Genex Large White boars (Hypor) designated for use in the experiment. Gestation day was based on the day of ovulation being designated as Day 1 of pregnancy: Precise stages of gestation at which embryos were recovered was based on estimated time of ovulation within Day 1 and the known time of slaughter of the sows.
Ovulation rates and blastocyst collection
All sows were killed on-site by qualified staff using approved necropsy procedures between Days 5 and 7.5 of pregnancy. Immediately after sows were killed, the reproductive tract was recovered from each sow and the number of corpora lutea (ovulation rate) was recorded. The broad ligament was removed and embryos flushed from each uterine horn using 50 mL phosphatebuffered saline (PBS). Embryos were collected in Petri dishes, washed in PBS and their stage of development identified under a binocular dissecting microscope (Wild M3; Wild Heerbrugg, Gais, Switzerland). Blastocysts with few cells and small blastocoels were termed early blastocysts, those with many trophoblast cells but still zona encased were termed blastocysts and those without zona were termed hatched blastocysts. After classification, all embryos were transferred to individual 0.5-mL tubes, frozen on dry ice and stored at −70 • C.
DNA extraction and sex-typing PCR
Isolation and purification of embryonic DNA was performed using a Dynabead DNA Direct Universal Kit (Invitrogen, Burlington, ON, Canada). All embryos were sex-typed using a 45-cycle, touch-down PCR protocol that was otherwise unchanged from the PCR protocol described by Vinsky et al. (2006) .
Maternal sow DNA was isolated from leucocytes using a standard phenol/chloroform/isoamyl alcohol extraction protocol (Sambrook and Russell 2001) , with materials purchased from Invitrogen.
Dot blotting methylation analysis
Dot blotting of embryonic and maternal DNA was performed as described by Park et al. (2005) . The DNA was dotted onto a Zeta-Probe nylon membrane (Bio-Rad Laboratories, Hercules, CA, USA) using a Bio-Dot Microfiltration Apparatus (Bio-Rad Laboratories) and baked for 30 min in a vacuum at 80 • C. Mouse monoclonal antibodies for 5-methylcytosine were used as the primary antibody at a 1 : 2000 dilution (Aviva, San Diego, CA, USA) and goat anti-mouse Alexa Fluor 680 antibodies (Invitrogen) were used as the secondary antibody at a 1 : 2000 dilution. The quantity of genomic DNA was assessed using SYBR DX Blot Stain (Invitrogen) and fluorescence was measured using a Typhoon 9410 (GE Healthcare, Piscataway, NJ, USA). The relative degree of DNA methylation was expressed as a ratio of Alexa Fluor 680 fluorescence to the fluorescence of SYBR DX Blot Stain.
Statistical analysis
A total of 33 sows met all criteria for inclusion in the present study and data from these sows were used in the final analysis. Sow was used as the unit of measurement for determining treatment effects on ovulation rate (number of corpora lutea), number of embryos recovered, percentage blastocysts, number of males, number of females and DNA methylation. Data were analysed using the MIXED procedure of SAS (SAS Institute, Cary, NC, USA) as a randomised block design, with blocks based on sow pairs. The Kenwardroger approximation was used for the denominator degrees of freedom.
All measurements of litter characteristics were analysed using the same MIXED procedure of SAS. Sow characteristics were analysed in the MIXED procedure of SAS using a repeated-measurement model, with a significant interaction between treatments and time point (P < 0.001). Normalcy of data was tested using the Shapiro-Wilks test in the UNIVARI-ATE procedure of SAS. Protein and fat loss were calculated as a percentage loss of parturition mass. Plasma folate and vitamin B 12 were analysed using the MIXED procedure of SAS using a repeated-measurements model. Embryonic DNA methylation averaged by sow was analysed using a one-tailed t-test and the MIXED procedure of SAS. Sow leucocyte DNA methylation was analysed in a one-tailed t-test using the MIXED procedure of SAS with a repeated-measurements model.
Scoring of embryos
Scoring of embryos within a litter was used as a measure of the quality and homogeneity of embryonic development. The aggregate score for a litter was derived as follows: blastocysts and hatched blastocysts were given a score of 10; early blastocysts were scored as 8; morulae were scored as 6; any earlier-stage cleaved embryos were scored as 4; and one-cell embryos were scored as 2. The 25th and 75th percentiles across all scores were calculated and sows were placed into either a high-scoring group if above the 75th percentile (H; n = 9) or the low-scoring group if below the 25th percentile (L; n = 16). Statistical analysis based on these categories was performed as described above for each treatment group, using the same statistical methods, but with no blocked pairs. In the absence of any treatment effect, characteristics of the sows with H and L litters were considered, irrespective of treatment.
Results
Feed intake, energy requirements and net energy balance
The number of piglets nursing throughout lactation did not differ between Control and Restrict sows (Table 1 ). There were no differences in initial litter weight or litter weight gain from Days 0 to 13 between Control and Restrict sows. During feed restriction from Days 14 to 21, litters of Restrict sows had lower average weight gain than litters of Control sows (P < 0.005); consequently, estimated daily milk production was lower in Restrict sows from Days 14 to 21 than in Control sows (11.5 ± 0.3 v. 10.6 ± 0.3 kg, respectively; P < 0.005).
Comparing the energy requirements for sow maintenance and milk production during lactation, with the energy derived from sow lactation feed intakes, the estimated overall net energy balance was not different between treatment groups by Day 13 of lactation, but was very different between treatments from Days 14 to 21 (P < 0.001), when feed restriction was applied (Table 2) . 28.9 ± 0.5 29.6 ± 0.5 Days 0-13 of lactation Fat (% of parturition mass) −4.2 ± 1.5 w −8.1 ± 1.5 w Protein (% of parturition mass) −4.4 ± 0.6 w −4.3 ± 0.6 w Days 14-21 of lactation Fat (% of parturition mass) −9.3 ± 1.3 aw −13.8 ± 1.3 bx Protein (% of parturition mass) −1.4 ± 0.9 ex −11.0 ± 0.9 fx Days 0-21 of lactation Fat (% of parturition mass) −13.6 ± 1.8 a −21.6 ± 1.8 b Protein change (% of parturition mass) −5.8 ± 1.0 e −15.4 ± 1.0 f Day 21 of lactation to oestrus Fat (% of parturition mass) −4.4 ± 1.9 w 0.6 ± 1.9 y Protein (% of parturition mass) −4.4 ± 1.1 cw 1.1 ± 1.1 dy Oestrus to day of slaughter Fat (% of parturition mass) 5.3 ± 1.7 x 0.4 ± 1.9 y Protein (% of parturition mass) 4.1 ± 0.8 ay 6.8 ± 0.9 bz Treatment means with different superscript letters (a, b; c, d; e, f) differ within rows by P < 0.05, P < 0.005 and P < 0.001, respectively. Treatment means with different superscript letters (w, x, y, z) differ within columns by P < 0.05. ME, metabolisable energy; NE, net energy balance.
Analysing the same data based on H/L scoring indicated differences between the H and L groups in Days 0 to 21 metabolisable energy (ME) intake (11.1 ± 0.5 and 12.7 ± 0.4 Mcal day −1 , respectively; P < 0.05) and in Day 0 to 21 net energy balance (−7.8 ± 0.7 and −5.1 ± 0.6, respectively; P < 0.01).
Sow characteristics
Measurements of average sow weight and loin depth are shown in Fig. 1 . There were no differences between treatment groups on Day 0 in sow bodyweight, back fat and loin depth. There were no differences in weight loss between Control and Restrict sows, except from Days 14 to 21 of lactation (−6.2 ± 1.2 and −19.9 ± 1.3 kg, respectively; P < 0.001) and from Day 21 of lactation to heat (−6.0 ± 1.7 and 0.3 ± 1.7 kg, respectively; P < 0.05). The back fat of Control and Restrict sows was different on Day 13 of lactation (23.2 ± 0.5 v. 21.8 ± 0.5, respectively; P < 0.05) and on the day of slaughter (20.6 ± 0.5 v. 18.3 ± 0.5, respectively; P < 0.005). However, there was no difference in sow back fat between Control and Restrict groups on Day 0 of lactation (23.9 ± 0.7 v. 23.5 ± 0.7, respectively), Day 21 of lactation (19.9 ± 0.5 v. 20.1 ± 0.5, respectively) and at oestrus (19.6 ± 0.6 v. 19.8 ± 0.6, respectively). Back fat loss only differed between Control and Restrict sows from Days 0 to 13 of lactation (−0.5 ± 0.5 and −1.9 ± 0.5 mm, respectively; P < 0.05) and from oestrus to the day of slaughter (1.2 ± 0.5 and −1.1 ± 0.5 mm, respectively; P < 0.005). Differences in loin depth were not observed between treatments at any time points; however, loin depth did correlate with protein mass (R = 0.42; P < 0.001) and loin depth loss with protein mass loss (R = 0.47; P < 0.001). Estimated protein and fat mass were not different between treatments on Day 0 of lactation ( Table 2 ). Loss of both protein and fat mass was greater in Restrict sows compared with Control sows throughout lactation and from Days 14 to 21 of lactation (see Table 2 ). From weaning to oestrus, estimated protein mass decreased in Control sows, whereas it increased in Restrict sows. From oestrus to the day of slaughter, estimated protein mass increased faster in Restrict than Control sows. Comparing across all time points within treatment groups, the estimated protein mass in Control sows decreased between Days 14 and 21, then increased from oestrus to the day of slaughter, whereas estimated fat mass increased between oestrus and the day of slaughter compared with any previous time point. In Restrict sows changes in both estimated protein and fat decreased markedly from Days 14 to 21 of lactation and then increased from Day 21 of lactation to oestrus. From oestrus to the day of slaughter, only the change in estimated protein mass increased significantly in Restrict sows.
Analysing the same data based on H/L scoring indicated no differences in mean or loss of weight, back fat, loin depth, protein or fat mass throughout the experiment (data not shown). indicate differences between treatments within periods, significant at P < 0.05 and P < 0.001, respectively. Treatment means with different t, u, w, x superscripts indicate differences between periods within treatments, significant at P < 0.05.
Plasma folate and vitamin B
(19.7 ± 1.3 v. 19.6 ± 1.3 ng mL −1 , respectively), Day 21 of lactation (15.2 ± 1.7 v. 17.8 ± 1.5 ng mL −1 , respectively) or during oestrus (18.6 ± 1.7 v. 19.5 ± 1.6 ng mL −1 , respectively). Analysing the same data based on H/L scoring indicated no differences between H and L sows in folate levels (data not shown). There were also no differences between Control and Restrict sows in vitamin B 12 levels measured on Day 13 of lactation (606.3 ± 122.9 v. 697.3 ± 129.9 pg mL −1 , respectively), Day 21 of lactation (384.7 ± 69.3 v. 354.9 ± 65.0 pg mL −1 , respectively) or during oestrus (3189.0 ± 1078.5 v. 1625.8 ± 897.6 pg mL −1 , respectively). Analysing the same data based on H/L scoring indicated no differences between H and L groups in vitamin B 12 levels (data not shown).
Sow fertility and embryonic development
Of the 34 sows allocated to this experiment, data from one Control sow were removed from the trial because of a failure to return to heat. Of the animals included in the analysis, pregnancy rate, day of gestation at necropsy, ovulation rate and oestrus to ovulation interval were not different between treatments (Table 3) . However, the weaning to oestrus interval (P < 0.05) was longer in Restrict sows compared with controls. At slaughter between Days 5 and 7.5 of gestation, there was no difference in embryo recovery rates between treatments (Table 3) . Embryos recovered from Control and Restrict sows were found to be between one and 32 cells (n = 17 and 8, respectively), morula (n = 5 and 18, respectively), early blastocyst (n = 26 and 8, respectively), blastocyst (n = 29 and 27, respectively) and hatched blastocyst (n = 108 and 157, respectively) stages of development. Irrespective of treatment, there was a correlation between overall embryo 18.1 ± 0.6 18.4 ± 0.6 Pregnancy rate (% of sows bred) 100 100 Days of gestation at slaughter 6.4 ± 0.1 6.4 ± 0.1 % Embryos recovered 70 ± 5 7 4 ± 5 Treatment means with different superscript letters (a, b) differ within rows by P < 0.05. Analysis of the percentage of embryos recovered and pregnancy rate was performed on arcsin-transformed data.
recovery rate between Days 5.5 and 7.0 and the number of blastocysts and hatched blastocysts recovered (r = 0.68; P < 0.001; Fig. 2 ). Analysing the same data based on H/L scoring indicated a difference between H and L groups in ovulation rate (20.0 ± 0.7 and 17.1 ± 0.5, respectively; P < 0.005). Regardless of scoring classification, ovulation rate tended to correlate with the number of blastocysts and hatched blastocysts (r = 0.33; P < 0.06), irrespective of treatment or day of gestation. Restricting analysis to embryos recovered within the 24-h period designated as Day 6, a greater proportion of normal and hatched blastocysts was contributed from H-scoring sows (Fig. 3) .
Sex ratios and DNA methylation
There was no difference in the sex ratios between treatment groups. Restrict sows had 49% males in their litters compared with 51% males in Control sows. The methylation of embryonic DNA was not different between Control and Restrict males emabryos (6.5 ± 2.7% and 6.5 ± 3.3%, respectively) or female embryos (4.4 ± 2.8% and 5.6 ± 2.6%, respectively). In addition, there were no differences in the variance of methylation between Control and Restrict male embryos (2.8 ± 1.7% v. 3.3 ± 2.2%, respectively) or female embryos (1.8 ± 1.6% v. 1.9 ± 2.1%, respectively). Analysing the same data based on H/L scoring revealed no differences in methylation between H and L male embryos (7.6 ± 3.6% and 6.3 ± 3.9%, respectively) or female embryos (5.0 ± 3.4% and 5.0 ± 4.0%, respectively). In addition, there were no differences in the variance between H and L male embryos (3.1 ± 2.3% and 4.5 ± 3.0%, respectively) or female embryos (1.6 ± 2.2% and 5.2 ± 3.2%, respectively).
The methylation of sow leucocyte DNA did not differ between Restrict and Control sows measured on Day 13 of lactation (20.1 ± 5.1% v. 36.8 ± 6.7%, respectively). However, on Day 21 of lactation, leucocyte DNA methylation in Restrict sows was lower than in Control sows (17.9 ± 6.4% v. 36.3 ± 6.4%, respectively; P < 0.05) and remained lower at the time of oestrus (21.2 ± 6.5% v. 40.5 ± 7.1%, respectively; P < 0.05). Analysing the same data based on H/L scoring indicated no differences between H and L sows for leucocyte DNA methylation at any given time-point.
Discussion
The goal of the present experiment was to determine the ontogeny of the effect of increased lactational catabolism on subsequent embryonic development and epigenetic traits using the experimental paradigm from earlier studies of embryonic survival and development on Day 30 of gestation (Vinsky et al. 2006) .
As in the previous study, feed restriction during the last week of lactation and a corresponding decrease in net energy balance in Restrict sows compared with Controls were associated with decreased litter weight gain during the last week of lactation (Vinsky et al. 2006) . Estimated sow protein and fat loss during lactation was similar to that in the previous experiment: the greater estimated fat loss in Control sows compared with that reported in the previous study likely reflected the increase of 0.5 pigs per litter suckling the sow, resulting in sows mobilising more fat to compensate for increased milk production in the present study. The increased catabolism of tissues in Restrict sows during the last week of lactation is likely the most critical factor determining reproductive performance following weaning (Clowes et al. 2003b ) and exceeded the thresholds suggested for negative impacts on subsequent sow fertility (Clowes et al. 2003b; Vinsky et al. 2006) .
The continued weight and estimated protein loss in weaned Control sows is likely associated with involution of the mammary glands. However, by Day 6 of gestation Control sows appeared to have entered an anabolic state and were gaining estimated protein mass. The apparent switch to an anabolic state in Restrict sows by the day of oestrus may be confounded by increased feed intake in these sows after their period of restriction (Booth et al. 1994) . However, the greater gain in estimated protein between oestrus and slaughter in Restrict sows at a time when feed intakes would have been comparable is characteristic of classic compensatory growth after periods of severe restriction. This observation, together with a change in measured back fat between treatments at slaughter, is consistent with suggestions from previous studies that, in the post-weaning period, renewed lean tissue growth creates greater energy demands that are met at the expense of fat deposits (Clowes et al. 1994) .
The reproductive characteristics of the sows after weaning were also essentially the same as in a previous study using the same experimental paradigm (Vinsky et al. 2006) , with no differences between treatments for ovulation rate or pregnancy rate (see Table 3 ). Although the Restrict sows had the same weaning to oestrus interval as in the previous experiment, Control sows in the present study had a shorter weaning to oestrus interval compared with pair-matched Restrict sows. However, the oestrus to ovulation interval was not different between treatments, indicating that although Control sows came into heat sooner, the physiological mechanisms regulating the timing of ovulation within the oestrous period were consistent between treatment groups.
Overall, the metabolic changes and reproductive characteristics of weaned sows in the present study were very consistent with those reported in the earlier study involving recovery of Day 30 embryos (Vinsky et al. 2006) , suggesting that mechanisms mediating the latent effects of catabolism on early embryonic development would have been activated in the Restrict sows in the present study.
DNA collected from the leucocytes of Restrict sows at weaning on Day 21 of lactation and at oestrus was less methylated than the DNA from Control sows, indicating a limitation of nutrients essential for DNA methylation during lactational feed restriction. This lower methylation in Restrict sows carries over into oestrus, which is most likely due to longer-lived leucocytes, such as granulocytes, produced during the last week of lactation persisting to oestrus (Swenson 1993) . Two nutrients important for DNA methylation are folate and vitamin B 12 (Davis and Uthus 2004) . However, plasma concentrations of these nutrients were not different on Day 21 of lactation or during oestrus. Across treatments, the plasma levels of vitamin B 12 are within the expected range for lactating sows and weaned sows (Guay et al. 2002) . However, oestrus plasma concentrations of vitamin B 12 were relatively high and this has been attributed to post-weaning atrophy of the mammary gland, which releases vitamin B 12 back into the plasma pool (Girard et al. 1996) . Generally, folate levels were lower than expected (Guay et al. 2002) . However, because the Control sows had excellent reproductive performance, the lower circulating plasma folate must not have exerted detrimental effects on reproductive performance.
Because folate and vitamin B 12 levels were not affected by lactational feed restriction, the link to hypomethylation in sow leucocyte DNA remains to be established. Decreased availability of methionine, an essential amino acid for DNA methylation, may be involved, because a decrease in available methionine has been indirectly linked to cases of hypomethylation in lymphocyte DNA (Yi et al. 2000) . It has also been shown that fasting can lower methionine levels to the point where the transulfuration of homocysteine decreases, thus reducing glutathione levels (Sakata et al. 2005) . Glutathione is essential for male pronucleus formation in the porcine oocyte (Yoshida et al. 1993 ) and this process is regulated by DNA methylation (Gioia et al. 2005) and essential for proper embryonic development. Unfortunately, an attempt to measure methionine concentrations in sow plasma in the present study failed for technical reasons and the limited sample volumes prevented re-analysis of plasma methionine. However, the fact that increased catabolism of protein as an energy source occurs in Restrict sows suggests that methionine deficiencies are likely.
Using the same experimental paradigm of feed restriction in lactating sows, Vinsky et al. (2007) presented evidence for epigenetic defects as an underlying cause of female-biased lethality and developmental delays seen in Day 30 embryos. Analysis at the blastocyst stage of development in the present study established no apparent differences in relative DNA methylation using a fluorescent dot-blot technique. It may be that the dot-blot technique is not sensitive enough to detect changes in the methylation state of embryos because only imprinted genes would be methylated at the blastocyst stage (Kang et al. 2001) . However, by choosing a technique that measures global methylation, we were able to make comparisons between the present study and our previous results on global DNA methylation at Day 30 of gestation (Vinsky et al. 2007) . Because adult sow DNA methylation is equivalent to levels seen at Day 30 of gestation (Vinsky et al. 2007 ) and the relative level of blastocyst DNA methylation was lower than sow leucocytes, it can be concluded that blastocysts have lower methylation than on Day 30 of gestation. This adds to the growing body of evidence that the levels of methylation seen at the blastocyst stage are significantly lower than those seen in later embryonic development and in adulthood (Vanyushin et al. 1970; Kang et al. 2001; Vinsky et al. 2007 ).
There were no differences in embryo recovery rates or in the sex ratios of embryos within litters between the two treatment groups in the present study. The overall recovery rates of approximately 70% were close to the 73% embryo survival rate on Day 30 reported previously across treatment groups (Vinsky et al. 2006) . Therefore, it can be assumed that the gender-specific loss of embryos in Restrict sows must occur after Days 5-7 of gestation. This is consistent with previous research into embryonic survival in the pig, which concluded that most of the embryonic loss is between Days 9 and 30 of gestation (Dziuk 1987) . Furthermore, the lack of any phenotypic changes in embryos at Day 6 of gestation, and no measured difference in variance in methylation between the sexes and treatment groups, suggests that gender-specific epigenetic defects have not yet influenced embryonic survival (Vinsky et al. 2007) . Pope et al. (1990) suggested that an underlying cause of embryonic loss was the developmental asynchrony of embryos in the preimplantation period, reflecting variation in follicular maturation and the duration of ovulation in these follicles. However, subsequent research using real-time ultrasonography to study the pattern of follicular development failed to confirm that the duration of ovulation affects embryonic diversity between 77 and 110 h following ovulation (Soede et al. 1992) . This suggests that other factors must contribute to embryonic diversity. As seen in Fig. 3 , there was a range of embryonic development in both treatment groups on Day 6 of gestation, with a greater proportion of normal and hatched blastocysts being contributed from the H-scored sows. Furthermore, it appeared that sows with the greatest embryonic development also had the highest recovery rates, regardless of treatment (Fig. 2) . It is unclear why this occurred, because the embryos were flushed from the entire length of the uterine horn, as recommended for embryos between Days 5 and 7 of gestation (Polge 1982) . We therefore conclude that sows at this stage of pregnancy are exhibiting differences in embryonic development irrespective of treatment, which may be similar to the variation in response to treatment seen in the break-point analysis presented by Vinsky et al. (2006) . This distribution of embryonic survival confirms the observation from many previous studies, namely that a proportion of both Control and Restrict sows have almost 100% embryonic survival to Day 30.
It seems likely that these sows are the H subgroup identified as the 75th percentile on the basis of the embryo-scoring system used in the present study. To better explain the metabolic and reproductive responses of lactating sows, we scored each sow based on the number and maturity of embryos recovered. Using the same logic, it appears that gender-specific loss of embryos in the remaining Restrict sows later in gestation will occur in the L classification group, characterised by both poorer recovery after uterine flushing and a greater asynchrony in development within litter-mate embryos. Using the H/L classification, the embryo data were further analysed to determine factors that may place the Restrict L-type litters at risk. At the early blastocyst stage of development, no unique identifying characteristics were evident for the Restrict L-type litters. Then, the H-and L-type litters were compared, irrespective of treatment, to try to characterise the origins of the differences in developmental synchrony within litters.
In these subsets of data, H-type sows had lower ME intakes and net energy balances throughout lactation, as well as higher ovulation rates, compared with L-type sows. In comparison, L-type sows had a much higher net energy balance throughout lactation, comparable to net energy balance in all sows over the period Days 0-13 of lactation (see Table 2) , and yet had lower ovulation rates than H-type sows. Because an increase in ovulation rate tends to correlate with increased development to the blastocyst stage, this may be an indicator of the sow's overall reproductive performance.
The functional link between these characteristics is unclear. However, one interpretation is that sows with the highest inherent voluntary feed intakes up to Day 13 of lactation would be subjected to a greater restriction relative to their maximum feed intake threshold, regardless of whether they were allocated to the Restrict or Control treatment from Day 14 to weaning. How this translates into differences in the central and local ovarian mechanisms affecting gonadotropin secretion and/or mechanisms controlling ovarian sensitivity to gonadotropins merits further investigation. Regardless of the mechanisms that determine the subset of H-type sows characterised by the most synchronised and developed embryos at the hatched blastocyst stage and high ovulation rate, the experimental paradigm used in the present study dictates that the Restrict sow litters are at risk of gender-specific loss of embryos by Day 30 and must be in the L-type subgroup. The depiction of litter characteristics in Fig. 2 and correlation analysis of ovulation rate v. blastocyst recovery suggests that risk factors for subsequent embryonic loss would be lower ovulation rates, poor recovery of embryos when flushing the uterus and greater asynchrony in those embryos recovered. By the same token, the same risk factors do not apparently result in gender-specific loss of 10-15% of embryos present in Control L-type litters by Day 30, indicating that other factors must influence embryonic survival in Control sows following implantation. Therefore, the present study has effectively identified the key litter subgroups that appear to make the biggest contribution to increased embryonic loss in previously catabolic sows. The characteristics of this subset of sows and litters should be a key focus in future experiments using this experimental paradigm. Finally, from the perspective of advancing the development of non-surgical embryo transfer technologies for the swine industry, the H-type litters appear to represent the best potential donor embryos for transfer.
